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AN UNSWEPT, TAPERED WING OF ASPEQT RATTO 2.67 WITH LEADING—
AND ‘I'RAIIING—E}I}E FLAPS — LEADING—FDGE FLAPS DEFLECTED

By Louls S, Stivers, Jr., and Alexander W. Malick

SUMMARY

Aeroiynamic characteristics of an wmswept wing having an aspsct
ratio of 2.67, a taper ratio of 0.5, and employing full-span, 25-percent
chord, plain, leading—edge flaps have been determined from wlnd—tunnel
tests of a semispan modsl, The data were obtained at Mach numbers from

+ about 0.50 to 0.95 end from 1.09 to 1.29 with corresponding Reynoclds
numbers varying from about 0.94% x 10° to about 1.27 x 10%, Sections of
the wing were wmiform 0.08 chord thick from the 0.25 to the 0,75 chord
points tapering to sharp leading and tralling edges. The Included wedge
engle of the leading and trailing edges wae 18.2°, Whenever feasible
the experimental results have been compared with theory.

In general, the leading—edge flap was effectlive 1n changing both
the 1ift and pitching-moment coefficlents at each angle of attack and
Mach number, For the wmsealed flap-wing gap configuration, however, at
the highest angles of attack for the positive flap deflections the flep,
in some cases, was Ineffective 1n -changing the 1lift coefficient and, in
gsome Instances where the Incldence of the flap with respect to the free—
stream direction exceeded about +10°%, the flap was ineffective in
changing the pitching-moment coefficlent. At constant low 1ift coeffl-
clents the effectiveness of the leading-—edge f£lap, compared wilith that of
a tralling—edge flap on the same wilng, was less at Mach numbers below
0.7, slightly greater at subsonic Mach numbers above 0.8, and sbout the
seme at the supersonic Mach numbers. The effects of Mach number on the
rates of change of hinge-mament coefficient with angle of attack and with
flap deflection were generally much larger for the leading-edge flap
than for a comparable tralling—edge flap on the same wing.
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INTRODUCTION

The application of leading— and trailing-edge control surfaces on
low-agpect-ratio wmswept wings with sharp-leading-edge airfoll sectlons
has been proposed as a means for increasing the 1ift coefficlents of
such wings in landing or certain meneuvering attitudes, and for provid—
ing sufficient control for flight in the transonic Mach number range,
Several investigations of low-aaspeot-ratio unawept wings employing
leading— and trailing—edge control surfaces have been reported in ref—
erences 1 to 6. In order to provide additiomal information concerning
the effectiveness and hinge-moment characteristics of such control sur—
faces at both subsonlic and supersonic Mach numbers, an investigation
has been made in the Ames 1— by 3—1/2-foot high-speed wind tunnel of a
semispan model of an wmewsept wing of aspect ratio 2.67 and taper ratio
0.5, equlpped with full—apan, 0.25-percent-chord, plain, leading— and
tralling-—edge flaps. - The first pert of the investigatlion, which was con--
cerned with the aerodynamic characteristics of the wing employing the
tralling-edge flaps, has been reported in reference 7. The present
report is concermed with the aerodynamlc characteristics of the wing with
leading—edge flaps deflected and trailing-edge flaps vmdeflected. The
characteristics are presented for Mach numbers from approximately 0.50
to 0.95 and from 1.09 to 1.29, with corresponding Reynolds numbers vary—
ing from about 0.9% x 10° to 1.27 x 108, Comparisons between the exper—
imental and calculated characteristics are made whenever practicable.

NOTATTON

c chord of wing
c mean aerodynamic chord of wing (_fc_dz)

Cp drag coefficient

Chf hinge-moment coefficlent of trailing-edge flap, positive when
moment tends to move trailing edge of flap downward

trailing-edge-flap hinge moment )
2q X moment about hinge line of flap area behlnd hinge line

Ch,n hinge-moment coefficient of leading—edge flap, positive when
moment tends to move leading edge of flap upward

) leading—edge—~flap hinge moment )
2q x moment about hinge line of flap area ahead of hinge lins
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rate of change of hinge-moment coefficien‘b with angle of attack,
per degree

rate of change of hings-moment coefficlent with flap deflectlom,
per degree

11ft coefficlent

v

pltching-moment coefficlent about lateral axls through the quarter—
chord point of the mean asrodynamic chord, with mesan asrodynemic
chord as reference length

lift~drag ratio

freg~stream Mach number

free—stream dynamic pressure

Reynolds number based ont mean aerodynamic chord

spanwlse dlstance measured from w.’mg—z:oot—chord. line

wing angle of attack, degrees

wing geometric angle of attack, uncorrected for wind-tunnel jet—
boundary interference (&t supersonic Mach numbers, equal to
o), degrees

tralling-edge—flap deflection, measured in a plane normal to hinge
line, positive when trailling edge 1s below chord plane

lsading-edge—~flap deflectlon, measured In a plane normal to hinge
line, positive when leading edge 1s above chord plane

flap—effectiveness parameter, absolute value of the ratlo of thse
change in angle of attack to change in flap deflection at a
constent 11ft coefficlent

APPARATTS

The investigation was made in the Ames 1— by 3-1/2-foot high-speed

wind twmnel, a single—xreturn closed—throat tunnel vented to the atmos—
rhere in the return passage. The tunnel was equipped wilth a flexible-
throat assembly (fig. 1) to permlt operation at various subsonlc and
supersonic Mach numbers,

Sl
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The semlspan wing model used in the investigation was the same as
that employed in the investigatlion reported in reference T. The model
corresponded to a complete wing having an aspect ratio of 2.67, & taper
ratio of 0.5, and an wmawept 50-percent—chord line. The wing model was
equipped with full-span, 25-percent-chord, plain, leading-— and trailing—
edge flaps, the hinge axes of which were colncldent with the 25— and the
T5-percent—chord lines of the wing. Sections of the wing in the stream—
wise direction were 8-percemt chord thick from the 25— to the T5-percemt—
chord polnts and tapered to shaerp leading and tralling edges forming
wedges with included wedge angles of 18,2°, The gaps between the flapa
and the wing panel were approximately 1/32 inch. Plan and section views
of the wing together with the principal dimensione are shown in figure 2,

The wing model was mownted on an 18—inch—dismeter balance plate in
the tunnel sidewall, as shown in the photograph of figure 3. Approx—
Imately 1/32—1nch gaps were maintained between the roots of the imde—
flected flaps and the balance plate, The face of the balance plate
exposed to the tumnel alr stream was flush with the tunnel wall, and an
approximately 1/16~inch ammular gap exlsted betweem the periphery of the
plate and the tunmel wall, Flow through this gap from the outside atmos—
phere was prevented by an exbermal pressure~tight housing. Electrical
reslatance straln gages were employed in measuring the force reactions
on the wing and the hinge moments of the flap.

TESTS

Lift, drag, and pltching moments of the wing, and hinge moments of
the leading-edge flap were determined as a fimction of Mach number for
constant geometric angles of attack from —3° to 12° and for leading-edge
flap deflectioms of —20°, -10°, -5°, 5°, and 10° with the flap-wing gaps
unsealed. The test Mach numbers ranged from about 0.50 to 0.95 and from
1.09 to 1.29 for the wing at the smaller angles of attack with the flaps
mdeflected. No tests of the wing could be made at Mach numbers between
0,95 and 1,09 becanse of choking conditions in the tumnel test sectliomn.
Iift, drag, and pltching moments corresponding to the sameé range of
angles of attack were also obtained with the gaps sealed but only for
flap deflections of -5° amnd 5°., For the 5° flap deflection, data for
the gaps-gealed configuration were obtained only at the supersonlic Mach
numbers, The Reynolds numbers were based on the mean a&ercdynamlc chord
of the wing and varied from gbout 0.9% X 108 at a Mach number of 0.50 to
a maximum of about 1.27 X 10® at a Mach mumber of 1.15, as shown in

figure 4.
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CORRECTIONRS TO DATA

Wind-twmmnel—wall interference corrections to the angles of attack
and to the drag coefficients of the wing at subsonic Mach numbers were
determined by the methods of reference 8. These corrections (additive),
which are indicated In reference 9 to be independent of Mach number, are
given as follows:

Ag (deg)
ACp

A1l the data corresponding to the subsonic Mach numbers have been cor—
rected for model and wake blockage by the methods of reference 10, These -
blockage corrections vary with the mesasured drag cosfficient but were
generally small, never exceeding & value of 3 percent even for the high—
ost drag coefficients.

0.51 Cy,
0.0089 ¢ 2

Tare corrections dstermined with the wing held independently of the
balance plate have been subtracted fram the data at all the Mach numbers,
These corrections were foumd to be practically independent of angle of
. attack or flap deflectlon and are given in coefficlent form am follows:

M Iift Drag Pitching Moment
0.50 0.018 0.031 0.006
.TO .015 031 .00k
.80 .01k .031 .003
.90 .013 .031 .001
.95 017 .033 —.003
1.09 001 020 0
1.20 .005 .025 —-.002
1.29 .003 .021 —.001

The pitching-moment data were obtalned from the 1ift and drag
reactions and are subJect to combined errors of both the 1ift and drag
measurements, As a consequence, the pltching-moment coefficients In the
bresent report are regerded as being of qualitative rather than quantita—
tive value,

At each test Mach number the stream inclination at the model posl-—
tion was fowmd to be sufficiently small that no stream—angle correctlons
were necessary. Tunnel—wall boumdary—layer measurements made at Mach
numbers from 0.50 to 1.20 with the tumnel empty have indiceted the
existence of a turbulent boundary layer with a displacement thickness
of about 0.12 inch at each Mach number. The velocity In the boundary
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layer at each Mach number variled approximately as the l/lO power of ths
distance from the wall, Some dralnage of low—energy alr from the tunnel—
wall boundary layer onto the wing may heve occurred by virtue of the low
induced pressures on the wing. The effect on the test data of such
possible dreinage, however, is wnknown. It is believed that the pos—
alble flow of air around the gaps at the rcots of the flaps, and through
the gap between the balasnce plate emd the tummel wall, would have had a
negliglble effect on the measured data.

RESULTS AND DISCUSSIOR

The basic force and moment characteristics of the wing wlth unde—
flected flaps, gaps wmsealed and sealed, are presented in graphical
form. The corresponding characteristics for the wing with the leading-—

edge flaps deflected are given in tables T to V.

Lift Characteristics

Lift coefflclients for the wing wlith flaps undeflected are shown in
figure 5 as a function of Mach number with gesometric angle of attack as
a paremeter. This filgure has been reproduced from reference 7. Lift
coefficlents as a function of angle of attack for the various flap
deflections are presented in figure 6. It 18 observed in this figure
that the 11ft curves are essemtlally linear throughout the angle—of-—
attack range for Mach numbers above 0.90. In gemeral, the effect of
sealing the gaps 1s to iIncrease the 11ft coefficlemnts at the highest
angles of attack for Mach numbers up to 0.80, but at the higher Mach

numbers the effect is small.

The variation of lift coefficient with flap deflection, gaps
wnsealed, is shown in figure T for the various geometric anglea of attack,
It can be meen in this figure that the leading—edge flap is generally
effective in chengling the 1ift coefflcient at each angle of attack and
Mach number. In some cases, however, the flap 1s lneffectlive for pos—
1tive flap deflections at the highest angles of atteck. It is bselieved
that there was separation of the flow from the sharp leading edge of the
upward—deflected flap and that this separation caused the ineffectlive—

ness,
The effect of Mach number on the leadinngdge—flap-effectiveness
parameter dm/d&n (evaluated for ®p from about —5° to 50), gaps

unsealed, is shown in Pigure 8 for 1ift coefficients of O and 0.2 at the
subsonic Mach numbers and for 1lift coefficlents of 0, 0.2, and 0.4 at
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the supersonic Mech numbers. Also shown In this figure for a 1lift
coefficient of zero are values of da/d8, for Mach mumbers above 1.25
which were calculated using the expression for 1lift given In refer—
ence 11, Because of the particular gecmetry of the wing, the methods
of this reference were.applicable only for Mach numbers of 1.25 and
greater. It was assumed for the calculations that the 1ift produced
by deflection of the flap was independent of the 1ift produced by the
incidence of the wing. As a consequence, the rate of change of 1ift
coafficient wlth flap deflectlon was equal to the dlfference between
the 1lift—curve slopes of thse complete wing and that of a wing having
the same plan form as the portion of the test wing behind the leading—

odge flap.

In figure 8, it is observed that the effect of Mach number on the
flap—effectiveness parameter da/ddy 1s relatively small throughout
the ranges of Mach numbers shown, 4t Mach numbers between 1.25 and
1.29 1% can be seen that the experimental and calculated values of
do/d8, at zero 1ift are in good agreement.

Values of the trailing—edge—flap-sffectiveness parameter (gaps
unsesled) from reference T are presented in figure 9 for 1ift coeffi—
clents of O and 0.2. A comparison of the values of the flap—effectiveness
parameters for the lesding— end trailing-edge flaps shows that those for
the leading—-edge flap are less at Mach numbers below 0.7 and slightly
greater at subsonic Mach numbers above 0.8. At the supersonic Mach
numbers the values for both flaps are nearly the same.

Hinge-Moment Characteristics

The effsct of Mach number on the hinge-moment coefficient of the
undeflected leading-edge flap 1s shown in figure 10 for various geometric
angles of attack. It 1s observed that the variations of hinge~momemt
coefficient with Mach number are relstively emall, except at Mach numbers
near unlty, for the higher angles of attack. The asymmetry of the curves
about the zero hings-moment axis and the fact that the hinge-moment
coefficlents are not equal to zero at zerc angle of attack are bellieved
to be due to a slight misalinement of the flaps wlth the wing panel and
to small errors in setting the flap—deflectlon angle. Although not
1llustrated in a figure (data given in tables I to V), the variations
with Mach number of the hings-moment coefficient for the various flap
deflections at glven sngles of attack are somewhat greater than the
variations for the undeflected flaps. No abrupt variations of hinge—
moment coefficient with Mach number are generally evident in the hinge—

moment data for the deflected flap.
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Hinge-moment coefficients for the leading—edge flap as & fumction
of angle of attack and of flap deflection are presemted in figure 11.
It 1s observed in this figure that the changes iIn the hinge-moment
coefficlent which accompany changes In angle of attack or flap deflec—
tlon are very large, as compared wlth those usually noted for tralling-—
edge flaps. The direction of the hinge momente, for the most part, 1s
such as to tend to increase the absolute value of the flap deflection.
In general, the varistions of hinge~moment coefficlent with angle of
attack and with flap deflection are nonlinear.

The effects of Mach nunber on the rates of chenge of hinge-momemt
coefflcient with angle of attack and with flap deflection are shown in
figure 12, Values of dC, /d8, at zero angle of attack for Mach num—
bers above 1.25, also shown in this figure, have been calculated using
"the expressions for the lift and center of pressure glven in refer—
ence 11 and the procedure previously described for the calculation of
the flap-effectliveness parameter. It may be seen in figure 12 that the
effects of Mach number on dCy /do and dG,,/d%, are generally large.
It is also noted that the effects of flap deflection on dCh,/da are
large for the most part, At Mach numbers between 1.25 and 1.29 the
experimental values of dCh,/dBy for zero angle of attack are markedly
greater than those calculated.

The effects of Mach number on the rates of change of hinge-moment
cdefficient with angle of attack and with flap deflection for the
tralling-edge flap are reproduced from referemce T in figure 13. From
8 comparison of figurea 12 and 13, 1t is observed that on the whole the
effects of Mach number on dCh/da and dCL/dd arse comsiderably larger
for the leading—edge flap than for the trailling—edge flap.

Drag Characteristics

Drag coefficients of the wing with wmdeflected flsps are shown in
figure 14 as a function of Mach number with geometric amgle of attack as
& parameter, This figure has. been reproduced from reference 7. The
variation of drag coefficlent with 1lift coefficient 18 exhibited in
figure 15 for various flap deflections. It 1s evident in this figure
that at each Mach number lsrge changes in the drag coefficient accampany
deflections of the leading—edge flap, gaps unsealed. On the whole,
sealing the gaps reduced the increments of drag coefflclent due to flap
deflection, A marked reduction 1s observed for the most part at the

subsonic Mach numbers.

The reason for the apparent dlscrepancy between the minimum drag
coefficients for the -5° and 5° flap deflections, gaps wmsealed, at

i

-
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geveral of the Mach numbers 1s unknown, but mey posslbly be attributed
to a misalinement of the flap.

- The variatlon of lift-drag ratlo with 11ft coefficient for the
various leadlng—edge flap deflections is presented In figure 16, It 1s
obgerved in this figure that deflections of the flap do not generally
provide greater 1lift—drag ratlos at the higher 1i1ft coefficlents than
those for the wing with the flap undeflected. Sealing the gaps increased
the lift~drag ratios for the most part. The effectiveness of the f£flap
in Improving the lift—drag ratios of the wing at the subsonic Mach num—
bers is much less than thet indicated in reference 3 for a comparable
wing (5-percemt chord thick, leading— and trailing-edge angles of 5.1°)
investigated at a Reynolds number of 2 x 108, The disagreement is due
largely to the differences in the increments of drag coefflclent which
resulted from the flap deflections., It is believed that the large drag
coefficlent Increments of the present Investlgation are due to separation
of the flow over the wing resulting from the effects of the low test
Reynolds numbers on the particular wing sectlon employed.

Pitching-Moment Characteristics

Pltching-moment coefficlents for the wing with undeflected flaps
are presented In flgure 17 as a finction of Mach number for various
geometrlc angles of atback. This flgure has been reproduced from ref—
erence 7. The variation of plitching-moment coefficient with 1ift coeffi—
clent for various flap deflections 1s shown in figure 18, It may be
seen that the variatlions are generally irregular for both the subsonic
and supersonic Msch numbers and do not appear to be significantly
affected by sealing the gaps. In general, the rates of change of
" pltching-moment coefficlent with 1lift coefficient are positive at the
subsonic Mach nmumbers. The large poasltive slopes evident at these Mach
numbers may be a result of the low Reynolds numbers of the investigation.
At the supersonic Mach numbers the slopes are generally mnegative.

The variatlion of pltching-moment coefflclent with flap deflection,
gaps wmsealed, for various angles of attack is presented 1n figure 19.
I% is observed that the leading-edge flap is generally very effective
in changing the pltching-moment coefficient at each angle of attack and
Mach number shown, Tn some instances, however, the flap was Ineffective
where the incidence of the flap w-ith respect to the free-stream direction
(i.e., o + 8,) excesded about +10°
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CONCLUSIONS

A semispan model of an wnswept, tapered wing of aspect ratio 2.67
employing leadlng—edge flaps and having sharp leading—edge airfoll sec—
tions with a thickness—chord ratio of 0.08 has been Investigated at Mach
nunbers from about 0.50 to 0.95 and from 1 09 to 1.29 with corresponding
Reynolds numbers varying from about 0.9% x 10% to 1.27 x 10%. From the
resulta of this Investigation, the followlng are concluded:

l. The leading-edge flap was generally effective in producing an
increment of both 1lift coefficient and pitching-moment coefficlent at
each angle of attack end Mach number. In same cases, however, for the
wsealed gap configuration, the flap was lneffectlive in producing an
increment of 1ift coefficlent for posltive flap deflections at the high-—
est angles of attack, and ineffective in producing an increment of
pitching-moment coefficient where the incidence of the flap with respect
to the free—stream directlion was greater tham about +10°

2. The effectiveness of the leading—edge flap at comstant low 1lift
coefficlents, as compared with that of a trailing—edge flap on the sams
wing, was less at Mach numbers below 0.7, slightly greater at subsonioc
Mach numbers above 0.8, and. very nearly the ‘same at the supersonic ‘Mach

nunbers.,

3. On the whole, the effects of Mach number on the rates of change
of hinge-moment coefficlent with angle of attack and with flap deflec—
tion weremuch larger for the leading-edge flap than for a comparable
trailing-edge flap on the same wing.

Ames Aeronautical Laboratory,
National Advisory Commlttee for Aercnautics,

Moffett Field, Calif.
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[34 = 10°]
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[6n = —20°]
Gaps unsealed
M a Cy, Cp Cm
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Figmrs 3.— Fhotograph of the model, with the lesdlng- and tralling—edge
flaps deflected, mowmted on the semlspan balance in the Ames 1- by
3-1/2-foot high—speed wind tunnel.
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Figure 4.~ Nominal variation of keyno/ds number with Mach number for tests of the
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